SHIP PRODUCTION COMMITTEE September 1992
FACILITIES AND ENVIRONMENTAL EFFECTS NSRP 0383
SURFACE PREPARATION AND COATINGS

DESIGN/PRODUCTION INTEGRATION

HUMAN RESOURCE INNOVATION

MARINE INDUSTRY STANDARDS

WELDING

INDUSTRIAL ENGINEERING

EDUCATION AND TRAINING

THE NATIONAL
SHIPBUILDING
RESEARCH
PROGRAM

1992 Ship Production Symposium
Proceedings

Paper No. 8B-1: Optimizing
Maintenance - Models with
Applications to Marine Industry

U.S. DEPARTMENT OF THE NAVY
CARDEROCK DIVISION,
NAVAL SURFACE WARFARE CENTER



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
SEP 1992 N/A -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

The National Shipbuilding Research Program, 1992 Ship Production
Symposium Proceedings, Paper No. 8B-1: Optimizing Maintenance -
Models With Applicationsto Marine Industry 5c. PROGRAM ELEMENT NUMBER

5b. GRANT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Surface Warfare Center CD Code 2230-Design Integration Tools | REPORT NUMBER
Bldg 192, Room 128 9500 MacArthur Blvd, Bethesda, M D 20817-5000

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE SAR 15
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



DISCLAIMER

These reports were prepared as an account of government-sponsored work. Neither the
United States, nor the United States Navy, nor any person acting on behalf of the United
States Navy (A) makes any warranty or representation, expressed or implied, with respect
to the accuracy, completeness or usefulness of the information contained in this report/
manual, or that the use of any information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or (B) assumes any liabilities with respect to
the use of or for damages resulting from the use of any information, apparatus, method, or
process disclosed in the report. As used in the above, “Persons acting on behalf of the
United States Navy” includes any employee, contractor, or subcontractor to the contractor
of the United States Navy to the extent that such employee, contractor, or subcontractor to
the contractor prepares, handles, or distributes, or provides access to any information
pursuant to his employment or contract or subcontract to the contractor with the United
States Navy. ANY POSSIBLE IMPLIED WARRANTIES OF MERCHANTABILITY AND/OR
FITNESS FOR PURPOSE ARE SPECIFICALLY DISCLAIMED.



THE NATIONAL SHIPBUILDING RESEARCH PROGRAM

1992 SHIP PRODUCTION
SYMPOSIUM

SEPTEMBER 2 - 4, 1992
New Orleans Hyatt Regency
NEW ORLEANS, LOUISIANA

SPONSORED BY THE SHIP PRODUCTION COMMITTEE
AND HOSTED BY THE GULF SECTION OF
THE SOCIETY OF NAVAL ARCHITECTS AND MARINE ENGINEERS



Optimizing Maintenance:
Models with Applications to Marine Industry

Dr. Bahadir Inozu, Associate Member, University of New Orleans, and Dr. Nejat Karabakal,

Visitor, University of Michigan

ABSTRACT

Past and current replacement models with
applications to the marine industry for de-
termining the optimum maintanance stratefy
are discussed. A new approach to multi-item
replacement under budget constraints is pre-
sented. This approach considers all replace-

ment decisions of an entire ship fleet. (or all

component replacements of a single Shlp) Si-
multaneously. A Lagrangian methodology for
the replacement problem is also described.

LIST OF ACRONYMS

ARP  Age Replacement Policy

IFR Increasing Failure Rate

MAM Multiplier Adjustment Method
MARP Modified Age Replacement Policy
MTTF Mean time To Failure

TTR  Time To Repar

INTRODUCTION

with rcduced manning levels and the ever

increasing competition, Shlp maintenance has

become one of the major problems in ma-

rine  industry. Optimization of maintenance
and replacement is very challenging due to
highly restrictive and harsh operating condi-

tions of ships. Moreover, these operating con-

only known with
a high level of uncertainty which makes the
optimization

ditions, in many cases, are

problem evenmore complicated.
However, lowering extremely high downtime

costs by reducing emergency repairs caused
by insufficient maintenance practices is always
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desired. In the mean time, there is a deli-
cate tradeoff between the cost of overmainte-
nance and the cost of avoided maintenance
in keeping the shipping company competi-

tive. Hence, the maintenance and replace-
ment problem in the marine industry has con-
flicting multiple objectives, SUCh as maximization-
ing reliability and safety and minimizing costs
simultenaously. As a result, optimization of
marine maintenance becomes a very difficult
and complicated problem (19,20).
Traditionally, many ship operators have
been trying to solve maintenance optimiza-
tion problem

"judgement"

based on "experience" and
of managers basically using con-

servative manufacture's recommendations

(1,23). However using
scientific techniques as opposed to ad hoc
methods in maintenance optimization
been proved to be very rewarding in other
industries (18). Naturally, there is a growing

interest for just-in-time for maintenance and re-

and rules of thumb

has

placement management in the marine indus-
try. During the last decade, artificia intdli-
gence methods have been successfully applied

container stowage

pIanning (16,42), Spare parts inventory man-
agement(34),

to shipboard monitoring,

and marine diesel engine fault
diagnosis
speed, storage capability and flexibility of
computers been tremendously improved
during the last decade. At the same time.

the use of computerized database systems
for

(29.30,35). In the mean time, the

have

maintenance records has been growing.

Hence, sophisticated maintenance models will

increasingly become applicable a s m o r e

data

and computing capability are available.



In this paper, first past and current main-
tenance and replacement with appli-
cations in the marine industry are discussed.
Then, a new approach to group replacement
under budget constraints is presented. This
approach considers al replacement decisions
of an entire ship fleet (or al component re-
placements for a single ship) simultaneoudly.
A Lagrangian methodology for the replace-
ment problem is aso presented.

MODELS

Marine maintenance and replacement op-
timization has conflicting multiple objectives.
Simultaneous optimization of these objec-
tives can be achived by utilizing interactive
techniques which involve the decison maker
throughout the optimization process. A com-
prehensive list. of papers (1965-1988) dealing
with interactive multiple objective decision
making is provided by Aksoy (2).

Maintenance and replacement models can
be classfied based on information availabil-
ity, system type as single or multi-unit, time-
event/action relationship relationship, State-event/action
relationship, model types, optimality crite-
rion, solution methods, planning time hori-
zon. Pierskala and Voedker (43) surveyed
maintenance models developed until 1976.
Then, Sherif and smith(45) classified deter-
ministic and stochastic models in their 1981
survey. The authors used two distinct cate-
gorics in their classification: preventive and
prepareduess models with and  without com-
plete information. Valdez-Florez and Feld-
man (48) presented models for single-unit.
Systems. Very recently, Cho and parlar (14)
surveyed literature On Optimal maintenance
models for multi-unit systems.

We Start this survey with a discussion of
Some basic characteristics of past and cur
rent. optimal maintenance/replacement mod-
els based on planning time horizon, system
State transition and maintenance criteria. We
then briefly discuss individual replacement
papers of potential interest to marine indus-
try.
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Basic Characteristics

Planning time horizon. Replacement
problems may have a finite, infinite or ran-
dom time horizon. Finite horizon problems
occur when a SyStem opertores until a known
termination time. For finite time horizon
problems, the objective is finding the policy
that will maximize the expected the total revenue
(or minimize expected total cost) generated
by the system. One solution approach for the
finite horizon problem is referred to as vaue
iteration (27). The objective is to maximize
average revenue per unit time (which is re-
ferred t0 as "gain") when no discounting is
used, or to maximize the expected present
value of future rewards in the case of dis
counting. To meet either objective, the policy
iteration method is used (27).

System state transition. To model system
state transition behavior, many existing re-
placement models assume a Markov process
(4,17,24). Assuming exponential lifetimes
(and hence constant hazard rates) for sys-
tem components, these models ignore the ef-
fects of aging. However, the hazard rate of a
mechanical  componet almost aways varies
with time. Hence the Markovan assumption
is not very redistic for many mechanica com-
ponents. To iilfhk the effects of break-in
failures and/or aging, many authors (7,28)
model the system behavior as a semi-Markov
process (embedded Markov process).

Maintenance criteria. When a failure oc-
curs, a decision maker usually has the "re-
pair,” "replace" and “do nothing" options.
Mauy existing maintenance models assume
that, When a failure occurs, it. is best to
replace thc failed item, completely ignor-
ing repair as another option (5,8,12,28,46),
whereas some models aso consider repair as
another option (49,37). The time to repair
and the time to replace are also considered
in Some models. While many models assume
instantencous repair and replacement times
(10,36,33), others consider rcpair and replace-
ment times as random variables.




There are many replacement policies,
such asthe Age Replacement Policy (ARP)
(21 ,10,50,33), the Modified Age Replacement
Policy (MARP) for intermittently used sys-
tems (36,78), replacement  after N repairs  (or
N uses), and replacement based on failure
risk.

Repairs are also classified as minimal and
complete repairs. A minima repair returns
the failed item to its functioning condition
just prior to failure, whereas complete repair
brings the failed item to the "as good as new"
condition (9,45). The degree of repair is aso
integrated into some models (33).

Selected Models

In the following, Some selected papers
on system maintenance and replacement rel-
evant to marine maintenance are discussed.
The characteristics of models in terms of time
horizon, system state transition and maine-
nance criteria are  examined.

Kao (28) assumed that the system may be
in one of i saes (i=0,12,...,L), where
state O corresponds to a “brand-new” Sys-
tem, state L corresponds to a failed system
and others (i=1,2,...,L -1) correspond to
degraded (imperfect performance) states. He
also assumed that there is only type Of
replacement, and treated the system as one

component. He proposed three replacement.
models, using the policy iteration method to
minimize expected costs per unit time, un-
der three rules; replacement based on system
state, replacement. based on system age and
replacement based on both system state and be
age.
Mine et al. (36) considered optimal pre-
ventive replacement for intermittently used
systems under two different criteriaz 1) re-
placement after N USes, assuming time du-
rations of uses to be random variables, and
2) replacement when Cumulative operating
age reaches a specific. time, T, before failure.
Their objective was to find the values of N
and T that minimize the mean cost rate over
an infinite time horizon..
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Berg (8) also studied preventive replace-
ment policies for intermittently used units.
He considered a modified age-replacement
policy (MARP) under which the unit is re-
placed preventively When its age exceeds a
critical Operational age. Provided that re-
placement times coincide with no-demand pe-
riods. Otherwise, preventive replacement is
delayed until the end of the current. demand
period. His objective was to minimize the
probability that the unit is down when it. is
demanded.

Thomas (47) developed a replacement
model assuming that both the system (as a
framework, like the body of a car) and its
components (like tires, engine etc,) are inde--
pendent of each other and can be replaced
upon failure with many replacement alter-
natives. He ignored preventive maintenance
completely. Repairs were not. alowed.

WEéIS (49) examined a System over a finite
random time horizon with non-zero repair
and replacement times. To sdlect whether to
repair, replace or ignore a failed component,
he introduced an optimal maintenance policy
(which uses policy improvement. and linear
programming techniques). He assumed that
a component will be repaired for its first. N
failures before ultimate replacement. He aso
assumed that duration of the System mission
(life time etc.) is a ramdom variable.

Most existing existing replacement models are re-
stricted to single component models which
can not be applied to multi-component SYS-
tems in an arbitrary setting, since some
policies, as control limit policies, may not.
be optima for multi-component  systems.
Most. models developed” for multi-component
systems assume that the components are
stochastically independent of each other, with
increasing failure rate (IFR) lifetime distribu-
tions.

Ozekici (-10) studied the economic de-
pendence between system components. He
particularly focused on optimal replacement
policies for functioning components in the
presence of failed components. He discussed
the stochastic and economic dependencies
among system components, and formulated a



simple path analysis of the reliability system
using Markov decision theory.

Boland and proschan (11,12). considered
a system where replacements and overhauls
were made at fixed multiples of some prede-
termined time, T. When a failure occured,
a minimal repair was performed. They ca-
culated the period that minimized the total
expected cost of repair and replacement cal-
another period that minimized the total ex-
pected cost per unit time over an infinite time
horizon.

Zuckerman (51) developed a maintenance
strategy to optimize long-run average cost
and total expected discounted cost over an
infinite horizon. The system was subjected
to shocks causing a random amount of dam-
age to the system components. The sys-
tem failed when failed when the accumulated damage ex-
ceeded a fixed threshold. For the optimal
maintenance policy, the diffusion approxima-
tion model was Zuckermann showed
that the optimal maintenance expenditure
rate is monotonically increasing in the cumn-
lative damage levd.

Assaf and Shanthikumar (4) developed op-
timal maintenance policies for a system of
N machines. Exponential lifetimes were as-
sumed, with the same Mean Time to Fail-
ure (MTTF) for each machine. They for-
mulated the total repair cost as the sum of
a congtant which reflected the overhead cost
of repair and a cost of repair per machine
which changed linearly with the number of
failed machines. Instantancous repairs were
assumed. They aso considered a second type
of cost. Which incurred due to machine fail-
ures and was the same for al machines
proportional to Time to Repair (TTR). They
minimized the expected cost per unit time
over an infinite horizon, and showed that an
optimal policy is either never to to repair or to
repair al failed machines as soon as their
number exceeds a certain threshold. They
also assumed that the number of failed ma
chines is known at every instant.

Sethi and Chand (44) focused on plan-
ning horizon results for the replacement prob-
lem. They developed three machine replace-
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ment models under an improving technolog-
ica environment over time, aiming at cost.
ered minimization, profit maximization, and cost
minimization with stochastic failures, respec-
tively.

Oakford, Lohmann, and Salazar (39) con-
sidered technological improvement. Their
model permitted implemention of technologi-
cal improvement in a flexible manner without
reformulating the dynamic program for each
replacement problem.

Derman and smith (15) considered a sys
tem which should operate for T units of time,
where T was a random variable with a known
distribution function F. It. was assumed that |,
when a vital component failed, it had to be
replaced with a new component. For each
component there were n  possible types of re-
placements. The objective was to choose the
type that minimized the expected total cost.
of providing an operative component for the
entire life of the syssem. They generalized the
results of earlier work, where lifetimes were
assumed to be exponentially distributed, en-
abling them to treat components with in-
creasing failure rates.

Bryant and Murphy (13) considered sys-
tems subject to both repairable and non-
repairable failures. They considered a system
which was subject to three modes of failure.
Type | failures were catastrophic ones, termi-
nating the system's life. Type Il failures were
the ones whose damage was repairable . Type
Il failures were non-repairable and resulted
from the system's aging. They also consid-
cred non-zero repair times.

Shaked and Shantikumar (45) studied sys
tems whose components have dependent life
lengths and failed components are imper-
fectly repaired until they are scrapped. They
developed modds in which more than one
component can fail a the same time.

Numerous investigators developed some
complex preventive maintenance models for
which each item was replaced upon upon fail-
ure, and all identical items were replaced
at multiples of some period T, without. con-
sidering the ages of the items in question
(46,11,12,38).



Berg (9) constructed an age replacement
procedure for mission-critical items by adopt-
ing a Bayesian approach. His purpose was to
ensure that the system is capable of complet-
ing the mission without a failure by control-
ling the reliability of mission-critical items.
Berg defined p as the probability that the
iten will operate failure-free in the next pe-
riod of some specified length 1. In order to at.-
tain failure-free operation, he suggested that
an item should the replaced when p falls be-
low some specified value, He combined
two uncertainities associated with the pro-
cess, namely incomplete knowledge of the
iten’s life distribution, (which is a function
Of a parameter, I) and the stochastic be-
havior of the failure process given I. In his
model, Berg considered a replacement crite-
rion which was based on failure risk.

In6zU and Perakis (23.41) studied reliabil-
ity and replacement characteristics of Great
Lakes marine diesel engines. A Colt-Pielstick
PC2-400 series marine diesel engine has been
used as a prototype for the modeling. The
authors developed and implemented reliabil-
ity based models to rationalize current winter
layup replacement practices. Two systems
have been considered: one for a ship equipped
with one engine only and another for a two-
engine ship. Incorporating the age depen-
dent nature of system failure characteristics.
a semi-Markov competing-process approach
has been used in their models, where system
failure behavior has been treated as a race
among engine components. Howard"s one-
set, competing process model has been im-
plemented and extended to two sets of com-
peting processes (27). A recursive iteration
procedure has been used in the expected cost
calculation. Computer codes have been de-
veloped using the above models, and several
exanples have been examined. Sensitivity
analyses have been performed for several pa-
rameters to see the influence of their vaira-
tion on the expected costs and corresponding
winter layup policies.

The models discussed above ignored the
budget constraints usually faced in imple-
mentation. In the following section, a new de-
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terministic approach which explicitly consid-
ers budget constraints 1is introduced. This ap-
proach is applicable to ship fleet mintenance
and replacement. In addition, the same same ap-
proach is equally applicable to maintenance

and replacement of the components of a sin-

gle ship.

CAPITAL RATIONING
Traditional replacement and maintenance

models usually assume unlimited capital in
practice, however decision makers frequently
are restricted by limited maintenance and in-
vestment  funds. Under capital rationing, the
replacement  and maintenance decisions must
be determined simultaneously. Due to the
interdependence of decisions, the computa-
tional difficulty increases significantly. In this
section, we present an integer programming
model and discuss a Lagrangian-based solu-
tion methodology.

The following asswuptions characterize
the decision enviromnent.

e The service under consideration is pro-
vided by a number of components, each
of which competes for a fixed budget in
each period for maintenance or replace-
ment.

e All cash flows and budgets are determin-
istic, i.e., they are known with certainty
at the time of the analysis.

e Decision maker's objective is to mini-
mize the total discounted cost of replace-
ments and major maintenance actions
over a finite planning horizon.

« Maintenance and replacement costs are
dependent only on the components"s age
and time of installation. A key feature of
this assumption is that we can specify fu-
ture costs a priori using  time-dependent
“functional relationships“ once the age-
dependent. costs of current components
are known. Usually, these functional re-
lationships reflect the decision maker®s
estimates of technological improvements
and inflation for future components (39).



| Budgets congtraints are provisiona lim-
itations imposed for the purpose of con-
trolling replacement and maintenance
expenditures. They do not represent
"hard" bounds in the sense Of an abso-
lute limit on finance.

Let a zero-one Variable X(c,ai,j) be set
to one if action a is taken on component in
period j and doing nothing but routine main-
tenance until period .j; X(c,a,i,) is set to
zero otherwise. Actions on a certain compo-
nent can be replacing it with a new one as
well as performing a maor maintenance ac-

tivity, such as an overhaul, a mgjor repair and
so on. Also let

[ = planning horizon,
Il = number of components,

P(c,a,i) = cost Of action a on com-
ponent ¢ in period i,

B(i) = budget in period i. and

C(c,a,i,j,) = discounted cost

of keeping component ¢
in service from period i
to period | after taking
action a in period i.
Then, the problem can be formulated as
an integer program as follows: Muimize

NSNS Cleanin) Xeva, i)
I a i J

subject to the following congtraints:

1. Replacement and maintenance actions
must be sequenced in series over time
on each component. These constraints
are’ to prevent any interruption of ser-
vice. For each c:

Z Z X(eya,0,7)=1
a j

SN X(ewasiij)-
[ Jj
3> X ji)y=0
i

“®

2. Expenditures should be within budgets.
So, fori =0,...H-1

ZZF((-, u,i)z X(eya,iij) < BU)
[ J

3. Integrality
X a,i,j)€{0,1} Ve,ali,j

Solving the above integer program would
be significantly easier if the replacement and
maintenance decisions of individua compo-
nents were not interdependent by the capita
rationing constraints (constraint set 2 above).
This observation suggests a Lagrangian relax-
aion approach in which the capital rationing
constraints are dualized up into the objec-
tive function with fixed multipliers. Let. ji(7)
be the multiplier associated with the budget
congtraint of period j. Then, the Lagrangian
problem can be specified as follows:

L(p) = min SN N ¢ andn)—-
i

[ [

Ple,a, i) p(#)] X e a,i, j) — Z B(i) ju(7)

subject to constraint sets 1 and.

Under certain conditions, multiplierss  can
be determined  SOthat a solution of the La
grangian problem generates  an optimum so-
lution to the origina integer program satisfy-
ing the budget constraints 21). However
it, isalso likely that no such conditions are
satisfied for a given problem data. In this
case, the solution of the Lagrangian problem
is gtill of interest for two reasons.

1. Given the assumption that the capital
rationing constraints are imposed pri-
marily for expenditure control purposes,
and hence’ they are usually not binding
to the extent implied in the problem for-
mulation, the Lagrangian problem may
produce acceptable solutions.



2. The Lagrangian problem vyields lower
bounds (for minimization problems) on
the optional objective of the origina
problem. Therefore, if a strict optimum
is desired, they can be incorporated into
branch-and-bound algorithms.

With Lagrangian relaxation, the problem
is decomposed into n Separate and inde-
pendent replacement-maintenance problems,
each of which is that of finding a shortest path
on an acyclic graph. We use a dynamic pro-
gram to solve efficiently each shortest path
problem. For a given p > (0, let

C(c,a,i,j) = C(c,ai,.j) - P(c,ai)u(i)

for all c,a,i,j. Define f(c,i) as the dis
counted cost of an optimum replacement and
maintenance policy over a planning horizon
i. Initidize f(c,0) = 0 for al c. For each
¢, the following recursive equations find the
shortest path from period O to H.

fley ) =min min Ceya,i, j)+ fle 1)
« i j

forj = 1.....Il. At. each j, store the mini-
mizing arguments:

A(c)) = agmin - f(c))

I(c,j) = arglmin f(c)

The optimum solution is then given by a
dynamic programming tree completely speci-
fied by A and | on the acyclic graph.. The La
grangian vaue, which is alower bound on the
optimum objective of the original integer pro-
gram, is the sum of individual shortest paths
minus a constant term.

Ly = fle.H) - > B(i) p(i).

Finding the best multiplier vector so that
the solution Of the Lagrangian problem ap-
proximates the solution of the origina inte-
ger program as close as possible is a. nondif-
ferentiable optimization problem. Basically,
there are’ two approaches. 1) Subgradient ill-
gorithins, and 2) multiplier adjustment meth-
ods (MAMSs).
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Subgradient agorithms have been used on
many practical problems Successfully. Given
an initial multiplier vector, its basic step
requires solving the Lagrangian problem to
compute a subgradient direction for the mul-
tipliers. The multipliers are them changed in
the computed direction. Details of subgradi-
ent agorithms including convergence proper-
ties can be found in (25). Held, Wolfe and
Crowder (26). and Goffin (22). Karabakal
(31) describes a subgradient algorithm for
finding the best multipliers to solve the above
Larangian relaxation of the capital-rationed
replacement and maintenance problem.

MAMs are heurigtic agorithms for deter-
mining best multipliers exploiting the specid
structure of a particular application. The
advantage of a MAM over a subgradient al-
gorithm is that it. usualy guarantees mono-
tonic improvement of the bound. The dis-
advantages are’ 1) it. depends on a specific
problem structure, and 2) it. cannot guarantee
bounds better than those obtained by a sub-
gradient algorithm. Karabakal, Lohmann,
and Beau (32) describe an efficient MAM for
the capita-rationed replacement and main-
tenance problem when the constraint set
rather than Set 2 is relaxed. They also discuss
a specific branch-and-bound technique that
uses this MAM as its bounding technique.

An Extension

We can extend the above formulation to
include the decision situations in which the
maintenance costs are dependent on the con-
dition of the service as well as the age and
time of instalation of components. Suppose
the conditions represent the productivity lev-
els. After each periodic inspection, assume
a component's productivity is classified into
one of L + 1 conditions. It. is in condition O
if it. is least costly to operate in condition L
if it is most costly to operate. Then, in order
to compute any future maintenance we
need to know the condition of the service at
the time of the maintenance action.

We assume that the decision maker can
make deterministic estimates about the fu-
ture conditions of the service given the cur-



rent. thime period, condition and the last
maintenance action taken. Given the deter-
ministic deterioration assumption one way

of formulating the problem is to modify
our basic formulation to incorporate the
condition-dependency of maintenance costs.
Let X(c,ai,i'}j,j)j’) be set to one if action a is
taken on component ¢ in period i a condition
i' and doing nothing but routine maintenance
until period j to end up with conditions .j'.
Redefine  C(c,ai,i'j,j)  accordingly. Then,
we wish to minimize

S YN e i)
~ 4 =5

i

X(eva,id's g j")

subject to the following constraints:

1. Replacement and maintenance actions
must be sequenced in series over time on
each component. For each ¢ and i’

YTy Xew 0.y =1
« J Jj

Z Z Z‘Y((.’ a, iv i,a.ii.i’)_
£ J j’
Z ZZ‘Y((" "aj’jla i, 'J) =0
3 _, jl

i=1,...,H

-5 Xeva, i Hi') = -1
a Jj i

2. In each period, at most on€ maintenance
Or replacement action can be taken over
all conditions, SO for each C and i:

S S e miid g <1
P e T

3. Expenditures should be within budgets.
So. fori=0,..,H-1L
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Zz Z Ple,a,ii')

3 "

SN X(ea,idi i) € BU)

1 J

where P(e,aci, i) is the cost of action a
ot conponent. ¢ in period i at condition

i

4. Integrality
X(eyayiy i’ j, /') €401} Vea iii' g J'

The above formulation has many more
variables and constraints than the basic for-
mulation. However, the structure that al-
lows us to develop efficient Lagrangian re-
laxation techniques for the basic model is

dill there. Again, when we relax the budget
congtraints, the Lagrangian problem consists
Of many shortest path problems on acyclic
graphs. Good multipliers can be determined
using a MAM similar to that described for
the basic model.

CONCLUDING REMARKS

First., various maintenance and replace-
ment models with applications in the marine
industry are discussed. Second, a new ap-
proach to solve the multi-item replacement
under budget constraints is presented. Asiit,
was mentioned above, a number of computer
based decision support systems have been in-
troduced to the marine industry. However,
each of these systems focuses on on a spe
cific aspect of the entire ship operation and
maintenance On the other hand, effective
maintenance planning of a ship aims at min-
imizing failures, equipment downtime, spare
parts inventory, maintenance costs and emer-
gency maintenance simultaneosly while satis-
fying regulations and meeting voyage sched-
ules with a limited crew capability and under
budget constraints.

Various onboard decision systems recom-
mend a variety of maintenance actions con-
suming resources at different levels and as-
signing different replacement (or overhaul)



times depending on the user selected risk
level. On the other hand, the ship fleet opera-
tor has to distribute limited resources among
the ships efficiently so that the overall prof-
itability of the shipping company is maxi-
mized. Hence the optimization model de-
tailed above could be implemented to fleet.
replacement and maintenance as well as to rc-
placement and maintenance of a single ship,
considering different options under budget
constraints.
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